A study was conducted to evaluate growth performance, carcass and breast yields, and the occurrence and severity of white striping (WS) and wooden breast (WB) myopathies of broilers fed diets supplemented with increasing dietary levels of an organic source of selenium (Zn-L-SeMet). Broilers were fed 6 treatments with 12 replications of 26 birds in a 4-phase feeding program from 1 to 42 days. Corn-soy-based diets were supplemented with 0, 0.2, 0.4, 0.6, 0.8, and 1.0 ppm of Zn-L-SeMet. At 42 d, 6 birds were randomly selected from each pen (n = 72) and processed for carcass and breast yields. Breast fillets were scored for WS and WB at 42 days. Increasing Zn-L-SeMet led to quadratic responses (P < 0.05) for FCR from 1 to 7 d, BWG from 22 to 35 d, and for both responses from 8 to 21 d and 36 to 42 d, as well as in the overall period of 42 days. Carcass and breast yields presented a quadratic improvement (P < 0.01) with increasing Zn-L-SeMet supplementation and Se requirements were estimated at 0.85 and 0.86 ppm, respectively. In the overall period, estimates of Se requirements were 0.64 ppm for BWG and 0.67 ppm for FCR. White striping and WB scores presented quadratic increases (P < 0.01), and maximum scores were observed at 0.68 and 0.67 ppm, respectively. Broilers fed diets formulated without Se supplementation had a higher percentage of normal fillets compared to other Se supplementation levels (quadratic, P < 0.05). In conclusion, increasing Se supplementation to reach maximum growth performance led to higher degrees of severity of WS and WB. Selenium requirements determined in the present study were significantly higher than the present commercial recommendations.
INTRODUCTION
Selenium (Se) was reported as an essential trace mineral in 1957 (Schwarz and Foltz, 1957) and demonstrated to prevent liver necrosis in rats. Since the discovery of its essentiality, a major effort has been made by research groups to elucidate Se function and the impact of its deficiency. It was only in 1974 that the Food and Drug Administration granted approval for 0.10 ppm supplemental Se in swine and growing chicken diets, and 0.20 ppm in turkey diets (FDA, 1974) . The NRC Subcommittee on Selenium in Nutrition concluded afterwards that the dietary Se requirement of most species ranged from 0.05 ppm to 0.30 ppm (NRC, 1983) . Approval of an increase in the maximum supplemental Se to 0.30 ppm occurred later (FDA, 1987 The NRC (1994) recommendation for Se supplementation of broiler diets is 0.15 ppm. However, researchers have reported positive responses in BW (Ševčíková et al., 2006; Dlouhá et al., 2008) and FCR (Deniz et al., 2005; Yoon et al., 2007; Wang and Xu, 2008) to inclusions of 0.30 ppm Se. Regulations of Se supplements in animal diets have been reviewed by Ullrey (1992) . More recently, a legal limit in the maximum total Se (naturally present in the feed ingredients plus supplemented) in broiler feed was set at 0.5 ppm by the European Union (Zoidis et al., 2010) .
Selenium concentration in plants is regulated by the availability in the soil where they are grown. Although rare, it has been shown that land used for agriculture presenting high concentrations of Se led to intoxication of animals fed ingredients originated from them (James and Schupe, 1984) . With the progressive utilization of land for agriculture, the drainage of Se from the soil is likely to have reduced the risks of selenosis, and on the other hand, raised the risk of Se deficiency.
There is a lack of research on trace mineral requirements for broilers, including Se. Moreover, most research conducted with Se in broilers is limited to a maximum use of 0.30 ppm, presumably due to FDA regulations. Nevertheless, modern broiler chicken performance has been considerably improved compared with commercial broilers grown in the past decades, mainly due to genetic selection (Havenstein et al., 2003) . These improvements include significant increases in breast meat yield, suggesting that the Se requirement of broiler chickens needs reviewing and the use of higher than 0.30 ppm should be tested.
Supplementation of Se in diets is traditionally done using an inorganic source, most commonly sodium selenite. Recently, organic forms of Se have been developed, such as Se-enriched yeast and selenomethionine. Suggested advantages of organic Se over its inorganic forms are higher bioavailability, higher tissue retention, and lower toxicity (Vendeland et al., 1994; Mahan et al., 1999; Yoon et al., 2007; Wang and Xu, 2008; Skřivan et al., 2012) . For these reasons, Se levels that maximize modern broiler performance may differ among sources; therefore, research on Se requirements using organic forms of Se is warranted.
The role of Se, alone or combined with vitamin E, is well established on preventing lipid peroxidation of biological membranes (Scholz et al., 1994) . Deficiency of Se has been linked to exudative diathesis in chicks (Combs, 1981) as well as to lesions in thigh and breast muscles (Hassan et al., 1990) . More recently, Se supplementation also has been reported to alleviate the occurrence and severity of breast muscle myopathies (Sihvo et al., 2013) , and another important point is that breast myopathies were characterized by a damage to the muscle tissue that can be reflected in plasma or serum biochemical profiles (Hochleithner, 1994; Hoffman and Solter, 2008; Kuttappan et al., 2013c) .
The objective of this study was to evaluate growth performance, carcass and breast yields, and the severity of breast muscle myopathies of broiler chickens fed diets supplemented with increasing levels of Se. Selenium requirements for the traits evaluated also were estimated when using zinc-L-selenomethionine (Zn-L-SeMet) as the sole supplemental source of Se.
MATERIAL AND METHODS
All procedures used in this study were approved by the Ethics and Research Committee of the Universidade Federal do Rio Grande do Sul, Porto Alegre, Brazil.
Bird Husbandry
A total of 1,872 one-day-old, slow feathering Cobb × Cobb 500 male broiler chicks, vaccinated for Marek's disease at the hatchery, was randomly distributed into 72 pens (1.65 × 1.65 m; 9.6 birds/m 2 ; 26 birds per pen). Each pen had new rice hulls bedding and was equipped with one 15-kg capacity tube feeder and 3 nipple drinkers. Average temperature was 32
• C at placement, which was reduced by 1
• C every 2 d until 23
• C to provide bird comfort throughout the study. Thermostatically controlled heaters as well as fans and foggers were used when needed. Lighting was continuous until 7 d of age, with a 14L:10D cycle used afterward. Birds had ad libitum access to water and mash feed.
Dietary Treatments
Broilers were fed dietary treatments in a 4-phase feeding program with pre-starter (0 to 7 d), starter (8 to 21 d), grower (22 to 35 d), and finisher (36 to 42 d) diets. Least-cost linear corn-soybean meal diets were formulated using nutrients and AME n as well as vitamin and mineral supplementation (except for Se) according to Brazilian commercial practical levels. The experimental diets had 6 levels of supplementation of Se (0, 0.2, 0.4, 0.6, 0.8, or 1.0 ppm). The Zn-L-SeMet was added at the expense of an inert filler in the basal diet to achieve desired levels. This Se source is a commercially available product (Availa-Se, Zinpro Corporation, Eden Prairie, MN) with 0.1% Se guaranteed supplement and having a levo isomer also chelated with an atom of Zn intending to provide further solubility. Diets with 0 and 1.0 ppm were manufactured in large batches then proportionally blended to achieve intermediate Se supplementation levels. After preparation, the final diets were sampled and analyzed in duplicate for the Se concentration (method 999.10, AOAC International, 2000) . The ingredient composition of the experimental diets, expected Se from formulation, as well as Se analyzed concentration are presented in Tables 1-4.
Broiler Performance Measurements
Mortality was checked twice a d, and dead birds were immediately weighed. Birds and feeds were weighed at 1, 7, 21, 35, and 42 d to determine body weight gain (BWG), feed intake (FI), and feed conversion ratio (FCR) corrected for the weight of dead birds. At 42 d, 6 birds per pen were randomly taken for processing. Feed was removed 8 h prior to slaughter, which was done through a jugular vein cut after electrical stunning (44 mA per bird). Bleeding time was 180 seconds. Carcasses were scalded at 60
• C for 45 s, feathers were mechanically plucked, and evisceration was manually performed. Eviscerated carcasses (without feet and neck, but with lungs) were statically chilled in slush ice for 3 h and then hung for 3 min to allow excess water drip before individual carcass weighing. Carcass yield was expressed as a percentage of the live weight and breast meat yield was expressed as a percentage of the eviscerated carcass weight. 
Breast Muscle Myopathy Scores
Scores and the occurrence of white striping (WS) and wooden breast (WB) were assessed by a 3-subject panel evaluation. Breast fillets presenting WS were identified and scored according to Kuttappan et al. (2013b) as: normal (score 0), without any distinct white lines; moderate (score 1), presenting white lines in parallel to muscle fibers and that were < 1 mm thick; and severe (score 2), exhibiting white lines in parallel to muscle fibers and that were > 1 mm thick. Breast fillets presenting WB were identified and scored as normal (score 0), without any hardness or paleness areas; moderate light (score 1), mildly affected in cranial and/or caudal areas; moderate severe (score 2), moderately affected throughout the fillets; and severe (score 3), with surface hemorrhaging and the presence of sterile exudate on the muscle surface.
Statistical Analysis
The study was designed with a gradient treatment structure distributed in a completely randomized design. Data were tested for homoscedasticity and normality of residuals distribution. Data that were not normal were square root transformed. The study had 6 treatments with 12 replications of 26 birds each at placement. Growth performance, carcass data, and myopathy scores and occurrence were analyzed using polynomial contrasts to evaluate the linear and quadratic effects of the response to increasing Se using the PROC MIXED procedure of SAS Institute (SAS, 2009). Data were analyzed by descriptive statistics (mean and SEM) to evaluate the occurrence of myopathies. Mean differences in the occurrence of WS and WB and performance data also were separated using Tukey's HSD test (Tukey, 1991) . A quadratic polynomial model was fitted to the data to estimate Se requirements using analyzed Se in the diets. The level of Se that maximized or minimized responses was calculated by equating the first derivative of the regression equation to zero, then solving for the Se level (Pesti et al., 2009) . Significance was accepted at P ≤ 0.05. Tables 5 and 6 , respectively. No effects of increased Se were observed in BWG from 1 to 7 days. Broilers fed diets with increasing levels of Se had quadratic increases (P < 0.05) in BWG from 8 to 21 d, 22 to 35 d, 36 to 42, and 1 to 42 days. Increasing Se also resulted in quadratic responses (P < 0.05) for FCR from 1 to 7 d, from 8 to 21 d, 22 to 35 d, 36 to 42, and in the overall period from 1 to 42 days. Diets supplemented with Zn-L-SeMet also led to quadratic increases (P < 0.05) on carcass and breast yield, whereas breast yield presented linear and quadratic increases (Table 7) .
RESULTS

Effects of the increasing dietary supplementation of Zn-L-SeMet on BWG and FCR of broiler chickens are shown in
Broilers fed diets with increasing Zn-L-SeMet presented quadratic responses in WS and WB scores (Table 7) , with the highest WS and WB scores observed at 1.0 and 0.8 ppm Se, respectively. Data on the occurrence of WB and WS are presented in Table 8 . There was a quadratic response to increasing Se supplementation for percentage of normal and severe WS occurrence. Broilers fed diets without Se supplementation had the highest percentage of normal breast fillets (34.7%) and the lowest percentage of severe WS breast fillets (22.2%). Supplementation of 0.4 ppm of Zn-L-SeMet resulted in the greatest percentage of severe WS (54.2%). Similarly, increasing Se supplementation resulted in quadratic responses of normal, moderate severe, and severe WB occurrence. Broilers fed diets without Se supplementation had the highest percentage of normal breast fillets (43.1%) and the lowest occurrence of moderate severe (12.5%) and severe (1.4%) WB scores. The highest moderate severe (44.4%) and severe (19.4%) WB scores were observed when 0.2 and 1.0 ppm Se were fed, respectively.
Quadratic polynomial regressions and Se requirements are summarized in Table 9 . Estimated Se requirements for FCR from 1 to 7 d was 0.45 ppm, whereas requirements from 8 to 21 d were 0.75 ppm for BWG and 0.71 ppm for FCR. From 22 to 35 d and 36 to 42 d, Se requirements were estimated as 0.62 and 0.52 ppm for BWG, respectively. In the overall period from 1 to 42 d, Se requirements were estimated as 0.64 ppm for BWG and 0.67 ppm for FCR. Quadratic responses also were observed in WS and WB (P < 0.05) with dietary Se that maximized WS and WB scores being estimated at 0.68 and 0.67 ppm, respectively.
DISCUSSION
The basal diets used in the present study were formulated with corn and soybean meal to contain nutrient and energy levels comparable to usual commercial diets, except for Se. Diet analyses of the non-supplemented pre-starter, starter, grower, and finisher diets indicated Se content of 0.065, 0.062, 0.059, and 0.060 ppm, respectively. Broilers fed the non-supplemented Se diets did not present adequate growth, demonstrating that the lack of Se supplementation was detrimental to their performance. Selenium present in crops is bound to sulfur amino acids; therefore, animals in the nature consume Se mainly in the form of selenomethionine (Combs and Combs, 1984) . This information has been used to support a better Se utilization by birds when fed diets supplemented with selenoprotein (Surai, 2006) . However, because Se concentration in feedstuffs is variable depending on soil concentration, it is a common practice to supplement the mineral to reduce the risk of deficiency and, therefore, minimize losses in performance. Traditionally, Se supplementation is done using inorganic forms, mainly sodium selenite; however, it has been suggested that inorganic Se may negatively interact with other minerals, resulting in a comparatively lower efficiency of transfer to meat and eggs when compared to organic Se (Surai, 2002) . It has also been demonstrated that sodium selenite has pro-oxidant properties, which is deleterious for animal performance (Spallholz, 1997) . The support in the literature for benefits provided by supplementation of broiler diets with Zn-L-SeMet, L-selenomethionine and D-selenomethionine has been based in its antioxidant properties (Schrauzer, 2000; Wang et al., 2011) , higher bioavailability (Yoon et al., 2007; Briens et al., 2013) , ability to improve several meat quality parameters (Deniz et al., 2005; Dlouhá et al., 2008; Perić et al., 2009; Wang et al., 2011; Zhou and Wang, 2011; Cai et al., 2012) , and increase tissue Se content (Payne and Southern, 2005; Ševčíková et al., 2006; Dlouhá et al., 2008; Wang et al., 2011; Zhou and Wang, 2011) . It also has been advocated that a main advantage of the dietary supplementation with Zn-L-SeMet is an increase in its tissue reserve in the form of selenomethionine because of an additional production of selenoproteins and increased resistance to stress . In the present study, feeding diets supplemented with increasing levels of Zn-L-SeMet resulted in quadratic responses in growth performance. Requirement estimates obtained in the present study are considerably higher than the NRC (1994) recommendations for broilers. Research on Se requirements with dietary Se levels higher than 0.30 ppm are scarce.Ševčíková et al. Negative effects of Se deficiency and excessive inclusion are described in toxicology as presenting a Ushaped response curve (Hayes, 2008) . Reviewed data on Se toxicity with broilers are inconsistent, but Se doses lower than 3 to 5 ppm are usually not associated with toxicity symptoms (Surai, 2002) . In the present study, the quadratic responses observed may be an indication of Se deficiency at low levels, whereas an initial toxicity may have occurred at the highest levels. However, this effect was not present throughout the feeding phases, which is in agreement with Ryu et al. (2005) , who reported that Se supplementation of up to 8 ppm from an inorganic source did not impair growth performance of broilers from 3 to 6 weeks. Moreover, a study by Cai et al. (2012) did not show negative effects on BWG or FCR of birds fed diets supplemented with up to 2 ppm of Se from nano-Se. Similarly, Todorovic et al. (1999) fed broilers diets supplemented with 0, 2, 5, 10, 20, and 30 ppm of Se from an inorganic source for 42 d and observed that the lowest level at which dietary Se caused reduction on daily gain was 5 ppm. 2 Analyzed Se in the diets was used to obtain linear and quadratic regressions in each of the 4 feeding phases, as shown in Tables 1 to 4 . 3 The overall period, from 1 to 42 d, considered responses of each phase, according to the analyzed level of selenium provided by dietary treatments.
The present study was not designed to compare organic vs. inorganic Se sources. Instead, its objectives were the determination of Se requirements using a source of selenomethionine, known to produce increased Se accretion in the muscle (Schrazuer, 2000) , as well as the impact of this source in the occurrence of breast muscle myopathies. Quadratic responses to increasing Se levels were observed in WS and WB scores, similar to performance variables. White striping has been reported to be markedly influenced by BW (Kuttappan et al., 2012; Petracci et al., 2013; Kuttappan et al., 2013a) and growth rate (Kuttappan et al., 2012) . Russo et al. (2015) compared WS scores in broilers processed at 2.59 and 3.64 kg and observed average scores of 0.84 and 1.09, respectively. Likewise, WB also seems to be related to performance variables, especially BW. Trocino et al. (2015) observed a 2-fold increase on WB occurrence in male broilers with an average weight of 3.49 kg compared with females with 2.85 kg average BW. White striping and WB also have been reported to have strong non-genetic components (Bailey et al., 2015) , suggesting that nutritional factors play a considerable role in the occurrence of these myopathies. In the present study, Se was not efficient in reducing the severity of myopathies; however, it significantly increased BWG of broilers. Therefore, it seems that the improved performance resulted from increasing Se supplementation, which played an important role in producing the increased WB and WS occurrence. Tables 1 to 4. 3 Wooden breast and white striping score values were square root transformed, but data presented in the table are their actual means. White striping was scored as normal (score 0), moderate (score 1), and severe (score 2). Breast fillets presenting wooden breast were identified and scored as normal (score 0), moderate light (score 1), moderate severe (score 2), and severe (score 3).
Deficiencies of Se and vitamin E have been shown to cause losses in the antioxidant system adversely affecting the redox state of chicken superficial Pectoralis major (Avanzo et al., 2001) . A nutritional myopathy affecting the breast muscle of broiler chickens associated with vitamin E and Se deficiency is well known, and since it presents typical white striations along the myofibers (Bains and Watson, 1978; Dlouhá et al., 2008) as well as muscle cell degradation (Guetchom et al., 2012) , it has been early hypothesized that Se might be involved with the recent growth in the WS and WB cases. However, the palpable hardness of the major breast muscle 2 Analyzed Se in the diets was used to obtain linear and quadratic regressions in each of the 4 feeding phases, as shown in Tables 1 to 4 . 3 FCR = Feed conversion ratio corrected for the weight of dead birds. 4 Values were square root transformed.
remains unique to WB, and additionally WB lesions are not observed in other muscle groups, such as the gizzard or heart, as would be expected in the nutritional deficiency of Se (Mutryn at al., 2015) . Conceptually, because organic Se supplementation has been shown to increase its deposition in the muscle (Payne and Southern, 2005; Ševčíková et al., 2006; Dlouhá et al., 2008; Wang et al., 2011; Zhou and Wang, 2011) , it was expected that Se-enriched breast muscle would be protected against WS and WB.
In conclusion, Se requirements of broiler chickens fed diets with an organic source are significantly higher than previous recommendations. Increasing Se levels resulted in improved broiler performance and carcass and breast yields; however, optimizing broiler performance also increased the severity and occurrence of WS and WB myopathies. Breast myopathies do not seem to be associated with Se levels.
